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Chapter  1 
INTRODUCTION 

A  knowledge  of  the  Impurity  atoms  distribution  as  a  function  of  depth 
in  a  semiconductor  substrate  1s  extremely  important  1n  the  design  and 
fabrication  of  semiconductor  devices.  A  depth  profile  can  be  obtained 
using  Rutherford  backscattering  techniques  in  which  an  ion  beam  of  known 
energy,  charge,  and  atomic  mass  number  1s  Incident  upon  a  sample.  The 
energy  of  the  Ions  which  undergo  elastic  collisions  within  the  sample  1s 
measured  at  an  angle  greater  than  90°  with  respect  to  the  Incident  beam. 
This  produces  a  spectrum  of  peaks  corresponding  to  the  sample  elements  as 
a  function  of  energy  which  can  be  converted  to  mass  or  depth. 

Traditionally  such  measurements  are  done  using  small  accelerators 
(  <3MV  )  with  proton  or  alpha  particle  beams.  However  1f,  Instead  of  S1, 
a  heavier  substrate  such  as  Ge  is  to  be  measured,  the  Rutherford  back- 
scattering  resolution  with  proton  or  alpha  beams  is  often  not  sufficient 
to  distinguish  the  impurity  peak  from  the  substrate  peak.  From  the 
equations  used  in  Rutherford  backscattering  analysis,  1t  1s  apparent  that 
an  Increase  in  the  ion  beam  mass  will  result  1n  better  mass  resolution, 
better  depth  resolution,  and  an  increased  sensitivity  to  the  impurity 
atoms  within  the  Ge  substrate. 

In  this  thesis,  the  depth  profiles  of  as-implanted  and  pulsed  laser 
annealed  Si  and  Ge  samples,  doped  with  various  Impurities,  are  studied 
using  Rutherford  backscattering  and  heavy  ion  Rutherford  backscattering. 


SEMICONDUCTOR  DOPING 

One  of  the  first  steps  in  semiconductor  fabrication  is  the  intro- 
duction of  impurity  atoms  into  a  semiconductor  substrate.  Traditionally 
this  is  done  by  a  diffusion  method  in  which  the  substrate  1s  placed  1n 
an  environment  of  high  dopant  concentration  and  elevated  temperature 
whereby  the  impurity  atoms  diffuse  into  the  crystal.  Because  this  1s 
an  equilibrium  process,  not  all  types  of  impurity  atoms  will  diffuse  into 
the  substrate,  and  the  concentration  of  those  that  will  diffuse  is  limi- 
ted by  the  solid  solubility  value.  The  distribution  obtained  from  diffu- 
sion will  be  monotonlcally  decreasing  as  a  function  of  distance  from  the 
surface  with  the  maximum  concentration  at  the  surface.  Clearly,  impor- 
tant parameters  such  as  the  dosage  and  distribution  of  impurity  atoms  are 
not  easily  manipulated  1n  this  process. 

An  alternative  to  diffusion  1s  1on  implantation.  In  this  method 
a  beam  of  ions  is  accelerated  to  a  desired  energy  and  then  directed  onto 
a  semiconductor  surface  at  a  specified  angle.  The  beam  current  is 
monitored  so  that  a  precise  dopant  dose  can  be  obtained.  The  ions,  upon 
collision  with  the  substrate,  will  deccelerate  due  to  atomic  and  nuclear 
scattering  and  will  eventually  come  to  rest  in  the  lattice.  The  distri- 
bution is  approximately  Gaussian,  and  characteristics  such  as  the  pro- 
jected range  and  projected  standard  deviation  of  the  impurity  ions  in  the 
substrate  can  be  obtained  from  nuclear  data  tables  given  the  beam  energy, 
beam  mass,  and  target  mass.  This  method  does  not  limit  the  type  of  ions 
to  be  introduced  and  a  higher  impurity  concentration  than  from  diffusion 
techniques  is  possible.  By  varying  the  ion  type  and  energy,  the  distri- 


bution  can  be  shaped  to  approximate  the  ideal  step  function.  Thus  it  is 
easy  to  see  the  advantages  of  implantation  over  diffusion. 

However,  ion  implantation  also  has  a  major  disadvantage.  As  the 
ion  beam  traverses  the  substrate,  it  loses  energy  through  atomic  and 
nuclear  scattering.  Generally  atomic  scattering  is  the  dominant  energy 
loss  mechanism  for  high  energy  ions  and  nuclear  scattering  for  low  energy 
ions.  In  atomic  scattering,  a  beam  ion  may  excite  or  eject  electrons 
from  target  atoms  in  the  substrate  but  will  produce  little  damage  to  the 
crystal  structure.  On  the  other  hand,  1n  a  nuclear  collision  a  beam  ion 
can  transfer  enough  energy  to  a  substrate  atom  to  displace  it  from 
its  lattice  site.  Consequently  a  beam  ion  produces  a  path  of  lattice 
damage  as  it  traverses  the  substrate.  The  periodic  lattice  structure 
must  be  restored  and  the  impurity  ions  made  substitutional  (as  opposed  to 
interstitial)  so  that  they  can  be  electrically  activated. 

ANNEALING 

There  are  a  number  of  ways  to  repair  the  damaged  semiconductor 
crystal:  thermal  annealing,  continuous  wave  laser  annealing,  and  pulsed 
laser  annealing.  Thermal  annealing  1s  traditionally  used  in  semicon- 
ductor device  processing  because  it  can  be  easily  incorporated  into  mass 
production  systems.  Once  again  thermal  annealing  is  an  equilibrium 
process  and  as  such  the  maximum  concentration  of  substitutional  impuri- 
ties will  have  as  an  upper  bound  the  solubility  limit.  All  non-substitu- 
tional  dopants  will  segregate  to  the  surface  or  precipitate  in  clusters. 
Moreover,  because  thermal  annealing  requires  that  the  temperature  of  the 
entire  crystal  be  elevated,  this  might  disturb  other  previously  doped 
areas  and  contacts  on  the  substrate. 


Continuous  wave  laser  annealing  resolves  this  last  problem  because 
it  is  more  localized.  However  it  too  1s  an  equilibrium  process  and 
will  have  a  corresponding  maximum  obtainable  concentration. 

On  the  other  hand,  pulsed  laser  annealing  is  not  an  equilibrium  pro- 
cess. Experiments  have  shown  that  with  pulse  duration  on  the  order  of 
10  nsec,  the  liquid-solid  interface  moves  to  the  surface  at  a  rate 
of  several  meters  per  second.  At  this  rate  the  impurity  Ions  are  effec- 
tively "trapped"  in  lattice  sites,  resulting  in  a  maximum  concentration 
higher  than  that  obtained  from  other  methods  of  annealing.  The  energy 
density  and  duration  of  the  pulse  determines  the  melt  depth  which  must 
exceed  the  damage  depth  to  assure  epitaxial  regrowth.  The  number  of 
laser  pulses  delivered  to  one  spot  on  the  crystal  can  affect  the  dopant 
distribution  by  allowing  the  impurity  atoms  more  time  to  diffuse  1n  the 
melt.  These  parameters  can  be  varied  to  obtain  a  desired  impurity 
concentration  and  distribution  as  a  function  of  depth  into  the  crystal. 


Chapter  2 
RUTHERFORD  BACKSCATTERING 

Rutherford  backscatterlng  (RBS)  provides  a  method  of  observing  the 
impurity  atom  concentration  and  distribution  as  a  function  of  depth 
in  the  crystal.  A  beam  of  ions  of  a  particular  mass  and  energy  is 
directed  onto  the  target.  The  beam  can  backscatter  off  target  atoms 
whose  mass  is  greater  than  the  beam  mass.  Finally  the  energy  of  the 
backscattered  beam  is  measured.  An  example  of  the  spectrum  obtained  is 
shown  in  Fig.  1.  The  x  axis  has  units  of  channels,  which  is  proportional 
to  the  backscattered  energy. 

Fig.  1  was  obtained  with  a  He  beam  at  an  incident  energy  of 
1.5  MeV.  This  1s  a  commonly  employed  method  because  small  accelerators 
(less  than  3MV)  using  He  or  H  beams  are  readily  accessible.  The  spectrum 
in  Fig.  1  exhibits  good  kinematic  separation  of  the  target  element  peaks; 
that  is,  the  Si  substrate  peak  is  easily  distinguished  from  the  implant 
peak.  Good  kinematic  separation  1s  necessary  to  observe  the  impurity 
distribution  both  before  and  after  annealing. 

KINEMATIC  FACTOR 

The  kinematic  factor,  K,  is  the  ratio  of  the  ion  beam's  backscattered 
energy,  E  ,  to  its  incident  energy,  E  .  The  expression  for  K  in  the 
laboratory  frame  is 

(m2-m,sin  i>)^  +m,cosijj  / 
mi  +  m2 


Fig.  1    RBS  spectrum  of  Si :As  at  a  dose  of 

17     -2 
1  x  10   As  cm   using  a  1.5  MeV 

4He  beam,  *■  150°. 
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where   m-,  is  the  incident  ion  mass 
n^  is  the  target  mass 
4i  is  the  scattered  angle. 


One  method  of  improving  the  kinematic  separation  between  the  peaks 
of  the  target  elements  is  to  let  the  backscattering  angle  approach 
180  degrees.  This  is  most  easily  demonstrated  1n  the  graph  of  K  vs  i|i 
in  Fig.  2  where  each  curve  corresponds  to  a  different  target  element. 
Clearly,  as  <|>  approaches  180  degrees  the  absolute  value  of  the  dif- 
ference between  the  kinematic  factors  increases.  Thus  from  Fig.  1,  it 
is  apparent  that  the  He  beam  of  1.5  MeV  at  ^=150  degrees  is  a  sufficient 
method  of  determining  an  impurity  distribution  in  a  Si  substrate. 

However,  it  is  obvious  from  Fig.  3  that  the  same  method  is  not 
sufficient  to  distinguish  an  impurity  peak  from  a  Ge  substrate  peak, 
and  certainly  could  not  be  used  to  determine  the  distribution  of  an 
impurity  in  a  Ge  crystal.  The  spectrum  must  be  improved  in  two  ways. 
First,  the  impurity  peak  should  be  well  separated  from  the  Ge  substrate 
peak.  Second,  the  height  of  the  Impurity  peak  relative  to  the  Ge  peak 
should  be  Increased.  This  point  will  be  examined  later.  The 
first  point  is  a  call  for  better  kinematic  separation  and  can  be 

expressed  quantitatively  by  the  mass  resolution. 

2 
For  large  backscattering  angles,  K  can  be  approximated  by 

2  ,    „    „-,  r        ,2 


K  = 


m  R1-te)  I—*] 


where  6  =  ir-  ^ 

-■2f 


Fig.  2    Graph  of  the  kinematic  factor  vs. 

backscattering  angle  where  each  curve 
represents  a  different  target  element. 

The  beam  is  a  17.5  MeV  19F,  *■  150°. 


Fig.  3    RBS  spectrum  of  Ge:In  at  a  dose  of 

1  x  1016  in  gm"2  using  a  1.5  MeV  4He 
beam,  *■  150  . 
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An  expression  for  the  mass  resolution  can  be  obtained  if  AE^  is  the 
change  in  energy  between  two  target  masses  whose  mass  difference  is  Am£ 
Clearly  it  is  desirable  to  have  AEj  to  be  large  for  a  given  An^. 

AE1  =  Eo  S2  Am2 


=  E     1-X  -   I   4(1  +  xS2)   -  <52(1  -  x2) 
(1+x)3   I 


ST"       AlT19 

nip        c 


Now  if  x  1s  small,  1e.  the  target  mass  nvj  is  much  larger  than  the 
incident  ion  mass  m, ,  then 


2  m1 
AEj  ■  EQ  (4-6*)  -\  Am2 


Thus  for  good  mass  resolution,  ae^/A^  must  be  large.  This  can  be 
accomplished  if  E  and  m-,  are  large  since  AEi/An^  is  linear  In  E  and 

m, .  However  it  will  be  shown  that  the  sensitivity  of  RBS  decreases 

2 
as  E  .  Therefore  a  higher  Incident  mass  directly  improves  the  RBS 

properties  of  kinematic  separation,  see  Fig.  4,  and  mass  resolution. 


ENERGY  LOSS 

Up  to  this  point  only  the  backscattered  energy  from  the  surface  of 
the  target  has  been  considered.  This  energy  can  be  predicted  if  the 
masses,  angle,  and  incident  energy  are  known.  However,  below  the  surface 
the  ions  will  lose  kinetic  energy  both  before  and  after  scattering. 


12 


Fig.  4    Graph  of  the  kinematic  factor  vs. 
Incident  mass  where  each  curve 
represents  a  different  target 

element.  The  17.5  MeVQ19F  beam 
backscatters  at  ♦■  150  . 
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The  energy,  E(x),  of  a  particle  moving  beneath  the  surface  a  distance 
x  whose  incident  energy  was  E^  is  given  as 


E(x)  «  EQ  - 


d_E 
dx 


dx 


where  dE/dx  is  the  energy  loss  (or  stopping  power). 

As  an  approximation  for  E(x),  the  energy  loss,  dE/dx,  can  be  consi- 
dered constant  over  the  distance  x  so  that 


E(x) 


:   dE 

■o  "  dx 


This  expression  is  only  valid  near  the  surface  (ie.  for  small  x)  and 
is  known  as  the  surface  approximation. 

Using  this  last  expression,  it  is  possible  to  find  an  expression 
relating  the  change  in  energy  to  the  change  in  depth. 


E_  =  E. 


KE. 


E  -^ 
1   dx 


•AX 


COSlJ* 
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Combining  these  three  equations,  an  expression  for  the  depth 
resolution  is  obtained 


AE  =  [k 


dE 
dx 


1   dE 


costy   dx 


] 


AX 


K  - 


COSiJj 


dx 


AX 


dE 


using  the  approximation  4- 


dE 
dx 


It  is  desirable  to  have  dE/dx  be  large.  From  the  graph  in  Fig.  5 
1t  is  clear  that  dE/dx  increases  with  increasing  m,  .  Thus  for  a  fixed 
angle,  the  depth  resolution  of  RBS  is  improved  by  increasing  the  beam 
mass. 

SENSITIVITY 


Another  characteristic  of  RBS  that  1s  enhanced  when  the  beam  mass,mi, 
is  increased  is  the  sensitivity  of  the  probing  beam  to  the  target  atoms, 
this  is  a  consequence  of  two  effects. 

First,  returning  to  the  equation  for  depth  resolution, 


AX  = 


AE 


(K- 


1  _)  dE 


cos<//  dx 
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F1g.  5   Graph  of  energy  loss  vs.  incident 
mass  for  a  17.5  MeV  beam  on  a 

6e  target. 
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1t  1s  evident  that,  for  a  given  Incident  energy,  a  heavier  beam  will 
travel  a  smaller  distance  than  a  lighter  beam  since  dE/dx  Increases  as 
the  incident  mass  increases.  Given  that  the  impurity  atoms  are  near 
the  surface,  the  heavier  beam  will  encounter  more  Impurity  atoms  per 
substrate  atom  than  the  lighter  beam.  Thus  the  fact  that  the  heavy 
incident  Ions  traverse  a  smaller  distance  than  the  light  ions  makes 
them  a  more  sensitive  probe  to  the  Impurity  atoms. 

Second,  the  elemental  yield  can  be  expressed  as  follows 


Y  =  Yn  4|  dfi  Nt 
0  QQ 


where  da/dft  1s  the  differential  cross  section 
Y0is  the  number  of  incident  particles 
N  1s  the  density 

t  1s  the  thickness  of  the  measured  interval 
In  a  sample  consisting  of  a  substrate  and  an  implanted  impurity, 
the  ratio  of  the  detected  Impurity  atoms  to  those  of  the  substrate  is 
proportional  to  the  ratio  of  the  cross  sections 

imp    °imp/dfl 
Ysub   dasub/dn 

Clearly  this  ratio,  an  expression  of  the  sensitivity,  should  be  as 
large  as  possible.  When  the  force  between  the  incoming  Ions  and  the 
target  is  a  Coulomb  force  and  the  distance  of  closest  approach  1s 
small  compared  to  atomic  dimensions  yet  large  compared  to  those  of 
the  nucleus,  then  the  Rutherford  differential  cross  section  can  be 
expressed  in  the  laboratory  coordinates  as 


19 


do  (E) 

dn 


ZlZ2e 


2i2 


4E 


.  4 
sin  41 


||i  -(4sinij;)  J 2  +  c°H 

f        /m,  \2iJs 


/mi    •    V 

lm2  / 


where 


J_ 


4ire, 


From  this  expression  and  the  graph  of  da/di  vs  11^  1n  Fig.  6,  a  couple 
of  relationships  can  be  noted: 

1)  The  cross  section  increases  as  the  square  of  the  incident  charge, Z^. 
Since  the  beam's  charge  generally  increases  as  its  mass  does,  this 

enhancement  can  be  accomplished  by  increasing  the  incident  mass. 

19 
As  an  example,  the  yield  from  a  -jF   beam  will  be  about  12  times  larger 

4 
than  the  yield  from  a  £He  beam. 

2)  The  cross  section,  and  thus  the  sensitivity,  increases  as  the 
incident  mass,  m,,  increases. 


As  a  summary,  it  has  been  predicted  that  for  backscattering  angles 
near  180  degrees  (and  with  the  restriction  that  the  beam  ions  be  lighter 

than  the  target  atoms),  beam  ions  heavier  than  the  traditionally  used  iH 

4  + 
oroHe  will  result  in  better  kinematic  separation,  better  mass  resolution, 

better  depth  resolution  as  a  consequence  of  greater  energy  loss,  and 

increased  sensitivity  to  the  target  atoms. 
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FIG.  6    Graph  of  the  differential  cross  section 
vs  incident  mass  where  each  curve 
represents  a  different  target  element, 
the  beam  has  an  incident  energy  of 
E0  =  17.5  MeV  and  backscatters  at  *-  150 
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Chapter  3 

EXPERIMENT 

A  Lambda  Physik  model  EMG100  XeCl  excimer  laser  was  used  to  anneal 

2        2 
the  samples.  The  laser  pulse  had  an  energy  density  of  0.8J/cm  or  l.OJ/cm 

and  a  duration  of  about  10  nsec.  The  sample  was  mechanically  scanned  so 
that  each  spot  received  10  pulses. 

Prior  to  the  RBS  measurements,  the  samples  were  cleaned  with  acetone 
and  mounted  on  the  target  holders  with  Eccotherm  TC-4.  The  Eccotherm 
fluoresced  on  the  edge  of  the  sample  where  the  ion  beam  was  incident  so 
that  it  was  possible  to  estimate  the  position  of  the  beam  before  a  spec- 
trum was  taken.  After  the  measurement  the  beam  spot  on  the  sample  was 
checked  to  make  sure  that  the  beam  was  in  the  desired  region  on  the 
sample. 


4  + 

2 He  RBS 


4  + 
For  the  Si  samples,  a  2He  beam  at  an  Incident  energy  of  1.5  MeV  was 

used.  The  source  of  the  beam  was  the  3MV  electrostatic  Van  de  Graaff 
accelerator  at  Kansas  State  University,  see  Fig.  7. 

The  backscattering  chamber  was  designed  in  such  a  way  that  the  maxi- 
mum backscattering  angle,  f,was  150  degrees  for  a  normal  incidence  beam. 
Three  samples  could  be  attached  to  the  target  ladder  1n  the  chamber  at 

one  time.  The  beam  was  collimated  to  a  2mm  diameter  spot  size  on  the 

-fi      -7 
sample.  Typical  pressures  in  the  chamber  were  between  10"  and  10"  Torr. 
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F1g.  7    Schematic  of  AK-N  single  stage  3MV 

4. 
Van  de  Graaff  accelerator. 
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Beam  current  on  the  target  was  approximately  5nA.  Data  were 
collected  on  a  single  sample  until  there  were  at  least  100  counts  in  the 
impurity  peak  channel  with  the  most  counts.  Aquisition  time  for  one 
acceptable  spectrum  was  about  30  minutes. 

The  detector  used  to  measure  the  energy  of  the  backscattered  He  par- 
ticles was  an  Ortec  Si  surface  barrier  detector,  100  micrometers  in 
depth.  The  detector  received  a  bias  voltage  of  150V  from  an  Ortec  210 
Detector  Control  Unit.  Pulses  from  the  detector  were  amplified  first  by 
an  Ortec  142  Preamplifier  and  then  by  an  Ortec  450  Amplifier.  Finally  a 
pulse-height  spectrum  of  512  channels  from  a  ND100  Multichannel  Analyzer 
was  recorded  on  magnetic  tape. 

24L 

A  spectrum  from  an  alpha  source,  Am,  was  taken  to  check  the  reso- 

241 

lution  of  the  system.  The  full  width  at  half  maximum  (FWHM)  of  the  Am 
peak  was  2  channels  which  corresponds  to  a  resolution  of  approximately 
30  keV. 


19  4+ 
f       HIRBS 


A  flourine  ion  beam  of  energy  17.5  MeV  was  used  for  the  Heavy  Ion 
Rutherford  Backscattering  (HIRBS)  on  Ge.  The  source  of  the  beam  was  the 
electrostatic  6  MV  model  EN  tandem  Van  de  Graaff  accelerator  in  the 
James  R.  Macdonald  Laboratory  at  Kansas  State  University,  See  Fig.  8. 
The  experimental  station  featuring  a  61.0  cm  diameter  chamber  was 
used  for  the  HIRBS.  The  chamber  contained  a  target  ladder  capable  of 
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5 
Fig.  8    Schematic  of  Tandem  Van  de  Graaff  Accelerator. 
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holding  five  samples.  Typical  pressures  ranged  from  10"  to  10"  Torr. 
The  beam,  which  was  collimated  to  a  2mm  diameter  spot  on  the  sample, 
was  normally  Incident  on  the  sample  and  was  detected  at  150  degrees 
with  respect  to  the  Incident  beam.  Although  the  detector  angle  was 
adjustable  and  an  angle  closer  to  180  degrees  would  result  in  better 
resolution,  the  angle  150  degrees  was  chosen  so  that  a  comparison 

19  ** 

between  a  heavy  ion  beam  (  F)  and  a  light  ion  beam  (  He)  could  be  per- 
formed at  the  same  angle.  The  detector  angle  on  the  chamber  on  the  He 
beam  accelerator  was  limited  to  150  degrees. 

The  current  on  the  target  was  typically  50  nA  which  made  aquisitlon 
time  for  an  acceptable  spectrum  (1e.  more  than  100  1n  the  Impurity 
channel  with  the  most  counts)  usually  less  than  15  m1n. 

The  detector  used  to  measure  the  energy  of  the  backscattered  F  Ions 
was  an  Ortec  S1  surface  barrier  detector,  100  micrometers  1n  thickness. 
A  bias  voltage  of  80  Volts  was  supplied  to  the  detector  by  an  Ortec  210 
Detector  Control  Unit.  The  pulses  from  the  detector  were  amplified 
first  by  a  Tennelec  TC133  Preamplifier  and  then  by  an  Canberra  2010 
Spectroscopy  Amplifier.  A  pulse-height  spectrum  of  1024  channels  from  a 
Canberra  8100  Multichannel  Analyzer  was  then  recorded  on  magnetic  tape. 

An  upper  limit  to  the  resolution  of  the  system  was  obtained  by 
measuring  the  FWHM  of  a  very  thin  carbon  foil  (5m1crograms/cm )  to 
obtain  20  channels  (  150  keV  )  resolution. 
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Chapter  4 

DATA  ANALYSIS 

A  spectrum  obtained  from  the  multichannel  analyzer  used  in  the 
Si  studies  is  shown  in  F1g.  9.  The  quality  of  these  spectra  (due  to  low 
beam  current)  was  such  that  data  manipulation,  such  as  pile-up  stripping, 
was  not  necessary.  However  this  was  not  the  case  for  the  Ge  spectra. 

An  example  of  a  spectrum  obtained  from  the  multichannel  analyzer  in 
HIRBS  is  shown  in  Fig.  10.  Pile-up  occurs  when  two  or  more  simultaneous 
pulses  combine  to  form  one  pulse  whose  energy  is  the  sum  of  the  combined 
pulses'  energies.  Because  the  counts  were  detected  at  a  fast  rate, 
pile-up  can  be  a  problem  1n  this  experiment.  Also,  the  fact  that  the 
samples  are  thick  (approximately  2mm)  means  that  there  are  many  combi- 
nations of  the  lower  energies  (channels)  that  can  combine  to  form  one 
high  energy  pulse  in  the  region  of  interest  (ie.  near  the  impurity  peak). 
In  order  to  strip  the  pile-up  spectrum  from  the  raw  spectrum,  a  program 
was  written  which  numerically  convolutes  the  substrate  peak  and  then 
scales  that  curve  to  fit  the  pile-up  in  the  spectrum.  However,  this  is 
an  extremely  slow  process.  The  alternative  is  to  analytically  convolute 
the  substrate  peak.  The  probability  that  a  pile-up  count  is  produced  in 
channel  Cj  is  (See  Fig.  11) 


P(C1)=  A  fCHI  P(CQ)  P(C1-CQ)  dCQ 

^0 
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Fig.  9    RBS  spectrum  of  as-implanted  Si :As  at 

17     -2 
a  dose  of  1  X  10  as  cm  using  a  1.5  MeV 

4  o 

He  beam, ty  =  150  . 

Fig.  10   HIRBS  spectrum  of  as-implanted  Ge:Bi  at  a 
dose  of  1  X  1016  Bi  cm"2  using  a  17.5  MeV 
F  beam,  <J»  =  150  . 
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Fig.   11       Schematic  of  a  spectrum  exhibiting 

pile-up  in  the  region  of  the  impurity 
peak. 
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where  P(C0)  is  the  probability  that  a  count  appears  in  CQ 
A  is  a  normalization  factor 


.      v   da    1 
since   Y  a  ^  a  -2 


then    P(C)a-V 
Co 


thgs    NCCj)  =  B 


rCHI    dCo 

clo  co2(crco)2 


^7  hw  ~^+^nfe). 


where  N(C,)  1s  the  number  of  pile-up  counts  in  Cj 

B  is  a  constant  chosen  to  best  fit  the  pile-up  spectrum. 

The  final  spectra  were  not  only  stripped  of  the  pile-up  (see 
F1g.  12),  but  were  also  averaged  1n  such  a  way  that  one  data  point 
represents  the  average  of  the  ten  consecutive  points  surrounding  it. 
Since  the  resolution  was  greater  than  ten  channels,  this  last  step  just 
reduced  the  number  of  data  points.  An  example  of  the  final  product  is 
shown  in  Fig.  13. 
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Fig.  12   HIRBS  spectrum,  of  the  same  sample  shown  in 
Fig.  8,  which  has  been  stripped  of  pile-up. 

Fig.  13   HIRBS  spectrum,  of  the  same  sample  shown  in 
Fig.  8,  which  has  been  stripped  of  pile-up 
and  the  number  of  points  has  been  condensed, 
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X  AXIS  SCALES 


The  conversion  of  the  x  axis  from  channel  number  to  energy  can  be 
found  using  the  channel  Hhere  the  yield  1s  half  of  the  maximum  yield  1n 
the  peak  corresponding  to  a  particular  element  that  lies  on  the  surface 
of  the  crystal.  This  channel  1s  chosen  as  its  surface  channel.  An  exam- 
ple of  a  spectrum  chosen  for  the  calibration  1n  the  Ge  studies  1s  shown 
in  F1g.  14  where  because  of  annealing  it  is  evident  that  the  Bi  has 
segregated  to  the  surface. 

Thus  at  the  surface,  the  energy  of  the  detected  particles  is 


E(CGe>  =  Eo  KGe 


E<CBi>  "  Eo  KBi 


where  Eo=17.5  MeV 


K= 


'2         2       2^  "i  2 

(nip  -  m.sin  ^) 2  +  m,cos<|> 


m,+nu 


where    m..  =  19  for  F  beam  mass 

m2  =  209  or  73  for  Bi  or  Ge  target  mass 
<J<  =  150° 


In  this  case  the  energy  conversion  is  7.6  keV/channel . 
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Fig.  14   HIRBS  spectrum  of  pulsed  laser  annealed 

i  fi     — ? 
Ge:Bi  at  a  dose  of  1  X  10   Bi  cm   using 

17.5  MeV  19F  beam  *■  150°.  The  impurity 
has  segrated  to  the  surface. 
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This  can  be  used  to  find  a  conversion  from  channel  to  depth  for 
each  peak.  As  before 

depth      7.6  (keV/channel) 


[k--L_] 


channel  [„         1  TdE 

dx 


^W" 


where    $ 


=  2885  keV/ym6 


Eo 


A  sun«nary  of  the  depth  conversions  for  each  element  1s  shown  1n 
Table  1. 


Y  AXIS  SCALES 


The  y  axis  of  each  element  1n  counts/channel  can  be  converted  to 
concentration  in  ions/cnr.  The  equation  for  the  yield  in  channel  i  is 


V&^ModoMt 


The  ratio  of  the  impurity  peak  to  the  substrate  peak  becomes 


Yimp  =   1mp/cto  Nimp  timp 
Ysub   dasub/(Jfi  Nsub  tsub 
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19  o 

Ge  samples  using  a  17.5  MeV   F  beam,  *■  150 


target 

E0K  (MeV) 

depth 

conversion  (ft/channel) 

73Ge 

6.47 

17.23 

115ln 

9.39 

15.57 

122Sb 

9.74 

15.39 

209B1 

12.45 

14.11 

4            o 
Si  samples  using  a  1.5  MeV  He  beam,  ty   =  150  . 

target 

EQK  (MeV) 

depth 

conversion  (A/channel ) 

28Si 

0.877 

222.0 

75As 

1.229 

196.0 

115ln 

1.317 

190.0 

Table  1 
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By  choosing  a  constant  yield  for  the  substrate,  Ysub,  over  the 
interval  to  be  considered,  the  relationship  between  the  impurity  yield, 

Y.  ,  and  impurity  concentration,  N.  .  can  be  made  linear 
imp*      r    J  imp' 

Y    =  Ysub  imp/dft  timp    N 
imp  "  N   da  .    t        imp 
Nsub  SUD/dn  Sub 


This  last  equation  assumes  that  the  density  of  the  substrate,  Nsub,  and 
thus  the  width  of  a  channel  in  either  peak,  t,  is  constant  over  the  in- 
terval of  interest.  However  it  can  be  seen  from  the  substrate  edge  in 
Fig.  15  that  this  was  not  the  case  for  the  as-implanted  Ge  samples. 

Discussion  of  this  apparent  decrease  in  the  substrate  density  of  Ge 

7,8,9 
has  only  recently  appeared  in  the  literature.   '  At  large  doses,  the  Ge 

substrate  forms  deep  craters  (on  the  order  of  .lmicrons)  which  are  normal 
to  the  surface,  independent  of  the  angle  of  implantation.  This  porous 
structure,  although  not  formed  during  liquid  nitrogen  implants,  is 
readily  formed  at  room  temperature  implants  (as  is  the  case  in  these 
experiments).  This  crater  formation  has  not  been  observed  1n  Implanted 
Si  substrates  at  these  doses. 

The  spectra  obtained  from  RBS  and  HIRBS,  arranged  according  to  im- 
plant mass  and  dose,  are  shown  in  Fig.  16  through  Fig.  20. 
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Fig.  15   HIRBS  spectrum  of  as-implanted  Ge:Sb 

at  a  dose  of  2  x  10   Sb  cm   using 

17.5  M«V  19F  beam,*  =  150°.  The  dip 
at  the  edge  of  the  substrate  peak 
represents  a  density  deficiency  at  the 
surface  of  the  crystal . 
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Fig.  16   HIRBS  spectra  using  a  17.5  MeV 

19F  beam,  ♦■  150°  on:  -g     _, 

a)  as-implanted  Ge:In,  dose  1  X  10   In  cm"  ' 

1  fi  — ? 

b)  annealed  Ge:In,  dose  1  X  10   In  cm  . 

ifi     —? 

c)  as-implanted  Ge:In,  dose  2  X  10   In  cm  . 

ifi      — P 

d)  annealed  Ge:In,  dose  2  x  10    In  cm  . 


46 


3 


i    i    i     i    i   "i  '  i 


■III! 


t 


I  I  I  I  I  I  I  I  I 


l 


■rlOOO 


100      a 
m 

z 


vlO 


Q_ 


iiooo  3 

o 

o 
3 

en 
O 

3, 


irlOO 


Oi 


-10 


■        I       l       l        I       i       i       l        I       i       i       i        I       i       i       i  i       I       i        I       i       i       i        I       i       i       i        I       i       i       i         .jL 

600         800        1000      1200      1400        800        1000      1200      1400 
CHANNEL  CHANNEL 


47 


Fig.  17  HIRBS  spectra  using  a  17.5  MeV 

19F  beam,  *■  150°  on: 

16      —2 

a)  as-implanted  Ge:Sb,  Dose  1  X  10   Sb  cm  . 

b)  low  annealed  (0.8  J/cm2)  Ge:Sb,  Dose  1  X  1016  Sb  cm"2. 

c)  high  annealed  (1.0  J/cm2)  Ge:Sb,  Dose  1  X  1016  Sb  cm"? 

16      —2 

d)  as-implanted  Ge:Sb,  Dose  2  X  10   Sb  cm  . 

2  16      —2 

e)  low  annealed  (0.8  J/cm  )  Ge:Sb,  Dose  2  X  10   Sb  cm  . 

f)  high  annealed  (1.0  J/cm2)  Ge:Sb,  Dose  2  X  1016  Sb  cm"2. 
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Fig.  18   HIRBS  spectra  using  a  17.5  MeV 

19 
F  beam,i^  ■  150  on: 

ifi     —P 

a)  as-implanted  Ge:Bi,  dose  1  X  10   Bi  cm 

ifi     — ? 

b)  annealed  Ge:Bi,  dose  1  x  10  Bi  cm  . 
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4 
Fig.  19   RBS  spectra  using  a  1.5  MeV  He  beam, 

*■  150°  on: 

a)  low  annealed  (0.8  J/cm  )  Si:As,  dose  2  X  10   As  cm  . 

o  1  fi  — ? 

b)  high  annealed  (1.0  J/cm  )  Si:As,  dose  2  x  10   As  cm  , 

17     -2 

c)  as-implanted  Si:As,  dose  1  x  10   As  cm  . 

17     -2 

d)  annealed  Si:As,  dose  1  x  10   As  cm  . 
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4 
Fig.  20-   HIRBS  spectra  using  a  1.5  MeV  He  beam, 

"   *  =  150  on: 

—  ifi     —? 

a)  as-implanted  Si:In,  dose  1  X  10   In  cm  . 

16      —2 

b)  annealed  Si:In,  dose  1  x  10   In  cm  . 

c)  as-implanted  Si:In,  dose  2  x  10   In  cm  . 

ifi     —? 

-  d)  annealed  Si:In,  dose  2  X  10   In  cm  . 
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Chapter  5 

RESULTS 


With  the  conversion  of  the  x  axis  at  the  impurity  peak  from  channel 

to  depth,  a  quantitative  comparison  between  measured  and  predicted  pro- 

10 
jected  standard  deviations  and  ranges  can  be  made.  From  the  values  in 

Table  2,  the  measured  range  of  the  implanted  ions  in  Si  is  somewhat 
larger  than  predicted,  and  the  width  of  the  peak  is  significantly  broader 
than  predicted.  Both  the  projected  range  and  projected  standard  devi- 
ation appear  to  increase  with  implant  mass,  but  not  with  dose.  One 
possible  explanation  for  this  effect  is  that  of  inadvertant  channeling. 

Recent  experiments  have  questioned  the  effectivness  of  the  7  degree  tilt 

11 
popularly  used  to  obtain  a  "random  equivalent"  implant.  Another  possi- 
bility is  that  diffusion  occurs  during  implantation  due  to  the  heat 

12 
produced  during  implantation  at  room  temperature. 

The  effect  of  pulsed  laser  annealing  on  the  impurity  distribution 
of  the  Si  samples  is  to  broaden  the  peak.  Table  3  is  a  list  of  FWHM 
values  for  the  spectra  and  the  relative  difference  between  the  as- 
implanted  and  corresponding  annealed  FWHM  values. 

For  the  Ge  samples,  from  Table  4  again  it  1s  evident  that  the 
measured  projected  standard  deviations  are  much  larger  than  the  predicted 
standard  deviations.  The  relative  difference  is  as  much  as  five  times 
larger,  as  1n  the  case  of  B1  Implanted  Ge.  This  could  be  due  to 
inadvertent  channeling  as  was  suggested  for  the  Si  samples.  However, 
unlike  the  Si  samples,  the  relative  differences  seem  to  have  a  dependence 
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standard 

as-implanted 

Si: As,  1  x  1017cm"2 

range  (A) 

observed  predicted 
o      p 

1960     1923 

deviation  (ft) 
observed  predicted 

CT0       ap 
920     352 

relative 

VrP 

rp 

0.2 

difference 

CTP 

1.60 

Si: In,  1  x  1016  cm-2 

2090     1360 

1160     205 

0.54 

4.64 

Si: In,  2  x  1016  cm"2 

1880     1360 

800     205 

0.38 

2.90 

Si:Sb,  1  x  1016  cm"2 

2290     1322 

1150      194 

0.73 

4.93 

Table  2 
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Ifi    — ? 

Si: As  2  x  10   cm   , low  annealed 

ifi    ? 
S1:As  2  x  10   cm   ,h1gh  annealed 

FtoHM  (8) 

relative  difference 

FWHM   -FWW  . 
ann    a-i 

FI4W   . 

a-i 

2160 
3530 

0.63 

17   -2 

S1:As  1  x  10   cm   , as-implanted 

17   -2 
Si:As  1  x  10   cm   , annealed 

2160 
2350 

0.09 

16   —2 
Si:In  1  x  10   cm   , as-implanted 

ifi   — ? 
Sirln  1  x  10   cm   , annealed 

2720 
3340 

0.23 

16   —2 
Si: In  2  x  10   cm  , as-implanted 

16   —2 
Si: In  2  x  10   cm  , annealed 

1880 
2660 

0.41 

Table  3 
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standard 

as-implanted 

range  (a1) 

deviation  (a) 

relative 

difference 

observed 

predicted 

rP 

observed  predicted 
o      p 

VrP 

rP 

Ge:In,  1  x  1016 

-2 

cm 

1560 

867 

930     251 

0.80 

2.69 

Ge:In,  2  x  1016 

cm"2 

2030 

867 

1130     251 

1.34 

3.48 

Ge:Sb,  1  x  1016 

-2 
cm 

1540 

840 

780     238 

0.83 

2.29 

Ge:Sb,  2  x  1016 

cm 

2160 

840 

1110     238 

1.57 

3.67 

Ge:Bi,  1  x  1016 

cm"2 

1550 

609 

780     131 

1.55 

4.95 

Table  4 
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on  the  dose  of  the  Implant.  By  comparing  different  doses  of  the  same 
implant,  the  data  suggest  that  the  relative  difference  increases  with 
dose. 

Again  from  the  table  comparing  measured  and  predicted  projected 
ranges  of  the  implant  in  the  Ge  substrate,  it  is  clear  that  the  measured 
projected  ranges  are  consistently  larger  than  the  predicted  values 
Moreover,  the  relative  differences  increase  with  the  mass  as  well  as  the 
dose  of  the  implant. 

These  results  might  be  more  surprising  were  it  not  for  a  recently 

discovered  morphological  change  that  the  Ge  surface  undergoes  upon 

13 
bombardment  at  room  temperature.  According  to  B.R.  Appleton  et  al., 

15   -2 
the  surface  of  Ge  becomes  amorphous  for  moderate  doses  up  to  10   cm  at 

15   -2 
room  temperature.  However,  for  doses  beyond  10   cm  (as  is  the  case  in 

these  experiments)  the  surface  develops  a  morphological  instability, 

initiated  in  the  amorphous  phase,  which  results  in  the  formation  of 

surface  craters  several  hundred  nanometers  deep.  The  anomalous 

structure  can  anneal   away  although  recrystallization  is  somewhat 

14 
retarded  by  the  porous  structure. 

This  porous  structure  1s  Indicated  in  our  experiments  as  an 
apparent  density  deficiency  in  the  Ge  surface  peak  of  the  as-implanted 
spectra  relative  to  the  annealed  spectra.  This  is  most  evident  1n  the 
following  spectra,  Fig.  21,  where  the  yield  in  each  as-implanted  Ge  peak 
channel  has  been  divided  by  the  yield  in  the  same  channel  of  the  corres- 
ponding annealed  Ge  sample  spectrum. 

By  comparing  different  doses  of  the  same  implant,  the  data  also  in- 
dicate that  the  depth  into  the  substrate  of  the  density  deficiency  in- 
creases with  the  dose.  That  is,  the  depth  of  the  craters  increases 
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Fig.  21   HIRBS  spectra  using  a  17.5  MeV   F  beam, 
♦  ■  150°  .  Relative  density  values  were 
obtained  by  dividing  the  yield  of  each 
as-implanted  spectrum  channel  by  the 
corresponding  yield  in  the  annealed 

spectrum  at  the  substrate  peak  edge. 

16      —2 

a)  Ge:In,  dose  1  x  10   In  cm 

16      —2 

b)  Ge:In,  dose  2  x  10   In  cm 

16       2 

c)  Ge:Sb,  dose  1  x  10   Sb  cm 

16      —2 

d)  Ge:Sb,  dose  2  x  10   Sb  cm 

1 6      —2 

e)  Ge:Bi,  dose  1  x  10   Bi  cm 


C036038 


S  1.5+ 

UJ 

Q 

U 


C 

-J 
UJ 


61 


.5-- 


500 


CHANNEL 


> 

cn 

z 
u 

Q 
UJ 


C 

-J 
UJ 


C012010 


1.5- 


\*  :•••••••..'•••  "•••....•., 


5-- 


0 


fe- 


1  ■  I  ■  ■  »  ■  i  i  i  i  ii  i  i  i  i  . 
600    700    800    900 

CHANNEL 


62 


03 

Z 
Ld 

Q 


c 

-J 
u 


1.5- 


±-i 


.5- 


CQ3QQ34 


.1  '  ■  i  '  1  ■  »  i  i  i  i  i  i  i  I 

500    600    700    800    900 


CHANNEL 


Ld 


-I 
Id 


Z  1 .  5-  ■ 

LJ 

Q 


.5- 


^  »•»..*. 


^ 


C024026 


±r  1  '|''iLj»i»j»iiijiiii  ■ 
500    600    700    800    900 


CHANNEL 


g  1.5+ 
LI 

P 


C022020 


63 


I- 

c 

-J 

Id 


.5-- 


••..  • 


i  i  i  i 


i  i  i  i 


i  i  i 


500   600   700 

CHANNEL 


i  I  i  i  i  i  • 
800   90 


900 


64 

with  dose.  This  is  also  noted  by  Appleton.  The  fact  that  the  density 
deficiency  increases  with  increased  dose  suggests  that  the  areal  density 
of  the  craters  Increases  with  larger  doses.  Appleton  also  notes  that  the 
crater  formation  increases  with  increased  mass  of  the  implant.  This  is 
not  apparent  from  the  spectra  of  relative  density,  but  might  be  indicated 
in  the  tables  of  standard  deviation  and  range  relative  differences. 

Finally,  the  formation  and  existence  of  craters  at  the  surface  dur- 
ing implantion  would  explain  the  large  relative  difference  in  standard 
deviation  and  1n  projected  range  in  all  as-implanted  Ge  samples.  The 
ions  to  be  implanted  could  travel  farther  Into  the  sample  than  predicted 
if  they  entered  a  crater.  On  the  other  hand,  although  the  RBS  beam  has 
the  possibility  of  partially  entering  a  crater,  1t  is  measured  at  an 
angle  not  normal  to  the  surface  and  thus  will  detect  the  implanted  ions 
at  a  depth  relative  to  an  average  surface  depth,  not  to  the  individual 
crater's  depth.  This  results  In  a  spectrum  indicating  large  range  and 
standard  deviation. 

Because  of  the  anomalous  broadening  of  the  as-implanted  peak  in 
the  Ge  samples  due  to  crater  formation,  it  is  difficult  to  make  a  general 
comparison  between  as-1mpl anted  and  annealed  spectra  FWHM  values  to 
determine  the  effectiveness  of  pulsed  laser  annealing,  Table  5.  There  is 
an  added  complication  in  the  Ge:In  and  Ge:B1  samples  where  much  of  the 
implant  has  segregated  to  the  surface. 

Fig.  22  is  a  schematic  equilibrium  phase  diagram  appropriate  for  each 
of  the  implant  plus  substrate  systems  considered  here.  The  solid  dopant 

concentration  passes  through  a  maximum  known  as  the  retrograde  maximum 

15 
dopant  concentration,  Cs.  Baker  and  Cahn  have  shown  that  for  retrograde 

alloys  such  as  these,  the  retrograde  maximum  concentration  cannot  be  ex- 
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FWHM  (A) 

FWW^-FWW,  . 

relative  difference Errs 

FfcHMa_. 

1  fi    —7 

Gerln  1  x  10   cm    as-implanted 

IS   —7 

Getln  1  x  10   cm    annealed 

2180 
470 

-.78 

i  6   — ? 
Getln  2  x  10   cm   as-implanted 

1fi    —7 

Ge:In  2  x  10   cm   annealed 

2650 
780 

-.71 

Ifi   —7 
GerSb  1  x  10   cm   as-implanted 

1  fi    —7 

GetSb  1  x  10   cm   low  annealed 

1  fi    —7 

GerSb  1  x  10   cm   high  annealed 

1850 
1850 
1540 

-.17 

ifi   —? 
Ge:Sb  2  x  10   cm   as-implanted 

Ifi    —  7 

GerSb  2  x  10   cm   low  annealed 

16   —7 

GerSb  2  x  10   cm   high  annealed 

2620 
2000 
2000 

-.24 

ifi    ? 
GerBi   1  x  10   cm  as-implanted 

1  fi    —7 

GerBi   1  x  10   cm  annealed 

1840 
420 

.77 

Table  5 
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Fig.  22    Schematic  of  an  equilibrium  phase  diagram 

16 
for  the  implant  plus  substrate  systems. 
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ceeded  in  an  equilibrium  solidification  process.  The  fact  that  solu- 
bility limits  greater  than  the  retrograde  solubility  limit  have  been 
achieved  using  pulsed  laser  annealing  indicates  a  non-equilibrium  pro- 
cess. This  process  1s  a  result  of  high  interface  velocities  (several 
meters/second)  in  which  the  dopants  do  not  exchange  a  sufficient  number 
of  times  between  the  solid  and  liquid  Interface  to  establish  their 
equilibrium  concentration. 

The  observed  peak  concentration  of  each  annealed  sample  in  this 
experiment  and  the  retrograde  solubility  limits  are  shown  in  Table  6. 
Since  these  concentration  values  were  calculated  from  the  RBS  spectrum 
and  not  from  ion  channeling,  they  are  not  necessarily  substitutional 
concentrations.  However,  1n  general  liquid  phase  epitaxial  regrowth  from 
the  undamaged  crystal  (as  is  the  case  in  these  experiments)  Incorporates 
the  dopants  into  lattice  sites  and  forces  those  not  incorporated  to  the 
surface.  This  clearly  happens  in  both  annealed  Ge:In  samples.  In  this 
instance  the  peak  concentration  was  determined  by  excluding  the  large 
surface  peak.  In  the  Ge:B1  sample,  it  appears  that  essentially  all  of 
the  dopant  segregated  to  the  surface  so  that  it  was  not  possible  to 
estimate  a  peak  concentration  while  excluding  the  surface  peak. 

It  should  be  noted  that  the  peak  concentrations  increase  with 
increased  Implant  dose  and  with  decreased  energy  density. 

Narayan  predicts  that  higher  interface  velocities  would  result  1n 

higher  substitutional  concentrations.  It  was  previously  noted  that 

the  porous  structure  (present  1n  the  as-1mplanted  Ge  samples)  Inhibits 

the  regrowth  interface  velocity.  Thus  it  might  be  expected  that  samples 

without  the  porous  structure  (ie.  those  implanted  at  liquid  nitrogen 

18 
temperature)  would  have  faster  interface  velocities  and  thus  larger 

subtitutional  maximum  concentrations. 


69 

Table  7  is  a  comparison  of  the  predicted  impurity  dose  and  the  dose 
obtained  by  integrating  the  impurity  peak  on  the  density  vs.  depth 
spectra.  It  1s  clear  that  there  is  a  loss  of  impurity  atoms  during 
implantation  as  well  as  annealing.  Moreover,  the  loss  increases  with 
annealing  energy  density. 
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dosefc\ 
Icm     1 

max  concentration) — y  j 
\  cm     / 

r   /atoms\ 
M  c*3   ) 

Ge:In       1  x  1016 
Ge:In       2  x  1016 

Ge:Sb       1  x  1016  low  ann 
Ge:Sb       1  x  1016  hi   ann 
Ge:Sb       2  x  10       low  ann 
Ge:Sb       2  x  1016  hi   ann 

Ge:Bi       1  x  1016 

Si:As       2  x  1016  lo  ann 
Si:As       2  x  1016  hi   ann 
S1:As       1  x  1017 

Si: In       1  x  1016 
S1:In       2  x  1016 

2.5  x  1020 

19 
6.0  x  101 

3.5  x  1020 
20 

3.0  x  i<ru 

5.0  x  1020 
4.0  x  1020 

9X1020 
7  x  1020 
5  x  1021 

3  x  1020 
SxlO20 

3X1020 

19 
1.2  x  10 

21 
1.8  x  KTX 

8  x  1017 

Table  6 
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predicted 
dose/atoms  ^ 

Urn3  J 

measured 
dose/atoms\ 

I  cm3  1 

Ge:In   as-implanted 
Ge:In   annealed 

1  x  1016 
1  x  1016 

9  x  1015 

15 

6  x  10  1D 

Ge:In   as-implanted 
Ge:In   annealed 

2  x  1016 
2  x  1016 

9  x  10  15 

15 
3  x  10  l0 

Ge:Sb   as-implanted 
Ge:Sb   low  annealed 
GetSb   high  annealed 

1  x  1016 
1  x  1016 
1  x  1016 

9  x  10  15 
6  x  10  15 
5  x  10  15 

Ge:Sb   as-implanted 
Ge:Sb   low  annealed 
Ge:Sb   high  annealed 

2  x  1016 
2  x  1016 
2  x  1016 

2  x  10  16 

IxlO16 

15 
9  x  10  i0 

Ge:B1   as-implanted 
Ge:Bi   annealed 

1  x  1016 
1  x  1016 

8  x  10  15 
4  x  10  15 

Table  7 
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Chapter  6 

CONCLUSION 

It  has  been  shown  that  heavy  1on  RBS  enhances  traditional  proton  or 
alpha  RBS  properties  such  as  depth  resolution,  mass  resolution,  and  beam 
sensitivity  to  the  dopant  in  a  semiconductor  substrate.  The  ion  beam 
mass  must  remain  less  than  the  target  mass  for  backscattering  to  occur. 
Thus  the  extent  to  which  these  properties  can  be  improved  is  limited. 

Also  the  decrease  in  energy  resolution  of  the  surface  barrier  detector 

19 
due  to  heavy  ion  bombardment  will  add  another  limit  to  the  system.  On 

the  other  hand,  the  depth  resolution  of  this  experiment  could  be  improved 

further  using  a  beam  at  grazing  incidence  and  keeping  the  backscattering 

angle  large. 

Through  the  use  of  RBS  and  HIRBS,  the  effect  of  pulsed  laser  anneal- 
ing on  the  width  and  concentration  of  various  impurity  distributions  in 
Si  and  Ge  were  determined. 

The  existence  of  a  porous  structure  on  the  surface  of  Ge  formed  dur- 
ing implantation  appears  1n  the  HIRBS  spectra  as  a  density  depletion  on 
the  edge  of  the  substrate  peak.  According  to  the  relative  density  spec- 
tra, the  extent  of  this  density  depletion  depends  on  both  implant  mass 
and  dose. 

There  are  two  studies  which  should  follow  this  experiment.  First,  a 
channeling  experiment  should  be  performed  to  determine  the  substitlonal 
concentration  of  the  dopant.  It  1s  not  possible  to  differentiate  between 
substitutional  and  intersitial  Impurities  using  RBS  analysis.  Generally 
an  Impurity  atom  will  not  be  electrically  active  if  1t  1s  interstitial. 


73 
Second  an  experiment  to  determine  the  concentration  of  charge  carriers 
should  be  performed.  Light  impurities,  such  as  C  and  0  are  absorbed 

onto  the  surface  of  the  porous  structure  of  as-implanted  Ge  when  exposed 

20 
to  air.  These  impurities  could  inhibit  carrier  activation  after  anneal- 
ing. Perhaps  ion  implantation  should  be  carried  out  at  liquid  nitrogen 
temperature  to  suppress  the  porous  structure  formation.  This  could  be 
followed  by  in  situ  annealing  to  prevent  adsorption  of  these  impurities. 
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ABSTRACT 

The  effects  of  pulsed  laser  annealing  on  the  impurity  distribution 
of  ion  implanted  Si  and  Ge  have  been  studied.  Rutherford  backscattering 
(RBS)  with  a  1.5  MeV  He  beam  was  used  to  obtain  depth  profiles  of  the 

impurities  in  Si,  while  heavy  ion  Rutherford  backscattering  (HIRBS)  with 

19  4+ 
a  17.5  MeV   F   beam  was  used  for  the  Ge  samples. 

The  advantages  of  increasing  the  beam  mass  when  observing  an  impurity 
in  a  heavy  substrate  are  demonstrated  both  with  the  equations  used  in 
backscattering  analysis  and  with  the  experimental  results. 

The  HIRBS  spectra  exhibit  an  apparent  density  deficiency  at  the  edge 
of  the  as-implanted  Ge  peak  due  to  a  porous  structure  formed  in  Ge  during 
implantation  at  room  temperature.  The  dependence  of  this  density  defi- 
ciency on  implant  mass  and  dose  is  discussed. 

Pulsed  laser  annealing,  because  it  is  a  non-equilibrium  process, 
results  in  a  maximum  impurity  concentration  higher  than  that  predicted 
by  the  retrograde  solubility  limit. 


